Abstract Large, deep-keeled icebergs are ubiquitous in Greenland's outlet glacial fjords. Here we use the movement of these icebergs to quantify flow variability in Sermilik Fjord, southeast Greenland, from the ice mélange through the fjord to the shelf. In the ice mélange, a proglacial mixture of sea ice and icebergs, we find that icebergs consistently track the glacier speed, with slightly faster speeds near terminus and episodic increases due to calving events. In the fjord, icebergs accurately capture synoptic circulation driven by both along-fjord and along-shelf winds. Recirculation and in-/out-fjord variations occur throughout the fjord more frequently than previously reported, suggesting that across-fjord velocity gradients cannot be ignored. Once on the shelf, icebergs move southeastward in the East Greenland Coastal Current, providing wintertime observations of this freshwater pathway.
Introduction
Icebergs are ubiquitous in Greenland's glacial fjords and represent the solid form of mass loss from the Greenland Ice Sheet (GrIS). Besides calving icebergs, the GrIS loses mass through submarine melt, surface runoff, or subglacial discharge. From 2009 to 2012, GrIS mass loss increased to triple its average over the last two decades Shepherd, 2012] . The enhanced mass loss is driven both by an increase in the liquid runoff and an increase in solid ice discharge from outlet glaciers [Rignot et al., 2011; . We do not fully understand the causes of these changes; one unresolved question is how the large-scale ocean communicates with GrIS outlet glaciers, since many of these glaciers empty into fjords that constrain the transport of heat and freshwater [Straneo et al., 2010; Inall et al., 2014] . Thus, quantifying mean fjord circulation, and how it varies, is required to test whether ocean forcing plays a role in the recent GrIS changes. Additionally, the increased input of freshwater to the fjords eventually exits into the subpolar North Atlantic, where it has implications for both the Atlantic meridional overturning circulation [Bamber et al., 2012; Weijer et al., 2012] and coastal current variability [Bacon et al., 2014] .
Here we provide new insight into the circulation of Sermilik Fjord, southeast Greenland, by tracking the horizontal motion of large, deep-keeled icebergs (large is defined by the waterline length, L > 100 m). The use of "iceberg drifters" can overcome difficulties inherent in standard oceanographic methods in glacial fjords. The difficult conditions have limited studies of fjord circulation mainly to summertime in a handful of locations [Straneo et al., 2010; Johnson et al., 2011; Mortensen et al., 2011; Murray et al., 2010; Christoffersen et al., 2012; Inall et al., 2014] . It remains uncertain if these results can be generalized to any GrIS glacial fjord.
Background

Study Site
The Helheim Glacier/Sermilik Fjord (HG/SF) system opens onto the southeast Greenland shelf adjacent to the Irminger Sea (Figure 1 ). HG moves into SF with a mean terminus speed of 8-11 km yr À1 [Moon et al., 2012] . A proglacial ice mélange made up of icebergs and sea ice extends~10 km from the terminus. HG underwent a period of dynamic change starting in 2003 [Howat et al., 2007] retreat [Stearns and Hamilton, 2007] . Between 1999 and 2008, the majority of freshwater input into SF came from ice discharge (33.9 km 3 yr À1 ), with the rest (6.5 km 3 yr
À1
) due to surface melt and runoff [Mernild et al., 2010] . These estimates are uncertain, and to date, there has been no quantification of melt by calved icebergs.
The southeast Greenland shelf receives relatively warm and salty subtropical-origin water (Atlantic Water, AW) via the Irminger Current and colder and fresher polar-origin water (PW) via the East Greenland Current (EGC) [Rudels et al., 2002] . An inner branch of the EGC, the East Greenland Coastal Current (EGCC), is often found in immediate proximity to the Greenland coast [Bacon et al., 2002; Sutherland and Pickart, 2008] and flows directly across the mouth of SF [Bacon et al., 2014] .
Available bathymetric products, such as IBCAO v3 [Jakobsson et al., 2012] , do not resolve SF, with depths shoaling to 0 m several km away from the coastline. Here we use bathymetry compiled by . These gridded data allow one to see the numerous bathymetric features, such as the deep channels (~600-700 m) near the mouth and the relatively shallow (<600 m) and wide (~10 km) upper basin.
Iceberg Dynamics
Icebergs provide a physical link to glacier conditions: their size and frequency are a direct result of calving processes [Bassis and Jacobs, 2013] , and their melt rate may be an analogue to submarine melting on the glacier face [Enderlin and Hamilton, 2014] . The motion of icebergs also provides a link to paleoclimate, with studies examining Heinrich events [Broecker, 1994] or past fjord circulation [Andresen et al., 2011] reliant on assumptions about iceberg movement. Two main themes dominate the iceberg literature: (1) the large-scale trajectories of icebergs originating from Greenland or Antarctica [e.g., Bigg et al., 1996 Bigg et al., , 1997 Gladstone et al., 2001; Schodlok et al., 2006] and (2) the rate at which icebergs deteriorate [Silva et al., 2006; Martin and Adcroft 2010] . Forecasting models often assume that geostrophic ocean currents drive iceberg motion [Bigg et al., 1997] . MacAyeal et al. [2008] showed that nontidal motion affects tabular icebergs near Antarctica and that frequent collisions with the seafloor limited their utility as drifters near the coast. No studies have focused on the regional scale dynamics and synoptic timescales that characterize GrIS glacial fjords. 
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We restrict our focus to the motion of large icebergs (L > 100 m) [Hotzel and Miller, 1983; Savage, 2001] , since these are significantly less influenced by wind. Ratios of L to keel depth, D, vary considerably and are dependent on iceberg shape [McKenna, 2005] , with observed L/D ratios from 0.5/1 to 50/1, and a mean of 3/1 [Hotzel and Miller, 1983] . Significant differences between ocean current and iceberg motion are due to water drag, F w , and air drag, F a , unless there is heavy sea ice present [Morison and Goldberg, 2012] . F w and F a are parameterized with turbulent drag laws and for large icebergs moving freely, F w > > F a . The two drag forces become comparable for strong winds or large L/D ratios.
Fjord Dynamics
An overall picture of fjord circulation in GrIS fjords is beginning to emerge [Straneo and Cenedese, 2015] , yet large uncertainties remain since observations are mainly limited to summertime ship-based surveys. A handful of wintertime records exist, but they are limited in spatial extent [Mortensen et al., 2013; Jackson et al., 2014] . Briefly, we expect the fjord circulation to be a combination of (1) buoyancy-forced circulation driven by freshwater input at the glacier [Motyka et al., 2003; Mortensen et al., 2011] , (2) local along-fjord wind-driven flow [Moffat, 2014; Oltmanns et al., 2014] , (3) intermediary circulation forced by density fluctuations at the mouth [Klinck et al., 1981; Straneo et al., 2010] , (4) deep water renewal [Farmer and Freeland, 1983; Cottier et al., 2010] , and (5) transient motions such as high-frequency internal waves or low-frequency internal seiches excited by a variety of processes [Arneborg and Liljebladh, 2001; Stigebrandt, 2012] .
These processes can all interact and manifest themselves over specific time and space scales. Buoyancy-driven circulation should be strongest in summer at the peak of subglacial discharge, yet we expect weak estuarine flow year-round due to submarine melt. The combination of strong stratification and buoyancy input at depth often creates a more complicated vertical structure for the estuarine flow than a single overturning cell Sciascia et al., 2013] . Strong down-fjord winds augment the buoyancy-driven circulation structure [Moffat, 2014] . For intermediary circulation forced by along-shelf winds, we expect the strongest magnitudes in winter with the signal decreasing away from the mouth [Stigebrandt, 2012] . Transient motions, such as internal waves, do not directly result in a mean circulation but are important in vertical and horizontal mixing of the water column. This mixing has implications for the vertical density structure, which can drive mean motion or alter where subglacially driven plumes enter the water column [Arneborg and Liljebladh, 2001; Mortensen et al., 2011; Inall et al., 2014] . Finally, to simplify the dynamics we often assume that the circulation is 2-D, ignoring any across-fjord gradients.
We lack the observations to completely tease apart these circulation processes in any GrIS fjord. Previous observations in SF suggest that intermediary circulation drives a two-layer oscillatory flow in the PW and AW layers, which reside at~0-150 m and 150-450 m, respectively [Jackson et al., 2014] . Additionally, found that across-fjord gradients in SF were small compared to along-fjord gradients, with primarily ageostrophic flow.
Data 3.1. Iceberg Trackers
We deployed Axonn AXTracker GPS tracking units from a helicopter onto five large icebergs in Sermilik Fjord between 7 and 17 September 2012 (Table 1 ). An additional five trackers were deployed the following year. Each GPS tracker reported its position hourly via the Globalstar satellite network. Steep fjord walls occasionally reduced the sampling interval. We used linear interpolation to fill these data gaps, which were commonly <4 h. Battery life is >1 year, though each GPS tracker eventually stopped transmitting due to other reasons. We assume this to be a result of the iceberg disintegrating or rolling. An analysis of hourly positions reported by a stationary GPS tracker over a 2 day period had a mean error of~20 m, equal to a velocity error of <0.006 m s
À1
.
Iceberg tracks were separated into three regions-ice mélange, fjord, and shelf-based on their position. The mélange region extends 25 km outward from HG to the intersection of Helheim Fjord and SF (Figure 1 ). The fjord region extends~70 km from the mélange boundary to the mouth, defined here as 65.61°N, where the shelf region begins. Fjord velocity data are rotated into an along-fjord axis of 16°east of north.
Atmospheric and Oceanic Forcing
Surface winds for the analysis period 
Results
All 10 of the tracked icebergs were large horizontally (Table 1 ), yet given the variability in L/D ratios, we cannot quantitatively estimate their keel depths based on L alone. Maximizing the correlation of along-fjord iceberg-derived velocity with successive depth averages of along-fjord ADCP velocities implies that these icebergs had keels ranging from~100 to 300 m, i.e., L/D ratios were 5/1 to 2/1 (Table 1) . These keel depths suggest that the tracked icebergs were primarily within the upper PW layer, although the deeper ones likely extended into AW.
For each tagged iceberg, the mean motion was out fjord (Figure 1 ), although the residence times in each region were significantly different (Table 1) . For icebergs that transited through the mélange, the mean residence time was 81 ± 67 days (mean ± 1 standard deviation), although the two years were strikingly different. All icebergs tracked in year 2 spent ≥120 days in the mélange, while year 1 icebergs exited withiñ 1 month. Icebergs spent 77 ± 49 days in the fjord region with mean velocities from 0.01 to 0.07 m s À1 out fjord, excluding periods when tracker transmissions were interrupted. These speeds are similar to estimates from Kangerdlugssuaq Fjord, although the icebergs there spend >1 year in the mélange [Syvitski et al., 1996] . On the shelf, the number of active transmission days was limited by how long each GPS tracker survived until the iceberg presumably overturned.
Ice Mélange
Five drifters were deployed on icebergs in the mélange region ( Figure 1 and Table 1 ). At slow speeds, positional uncertainties dominate the result, so motion estimates for icebergs in the mélange are daily averages. At daily to weekly timescales, icebergs in the mélange were pushed forward at speeds of 19-25 ± 1.1 m d À1 (Figure 2a) , consistent with the range of observed HG terminus flow speeds [Enderlin and Howat, 2013; Foga et al., 2014] . Stepwise events, in which multiple icebergs quickly and simultaneously move away from the glacier (Figure 2a) , can be the result of either strong katabatic winds or capsizes of large, recently calved icebergs. In the center of the mélange, these events last from 0 to 4 h with hourly averaged speeds . Near the open-water boundary of the mélange, the icebergs transition to fjord-scale speeds and become uncoupled from the stepwise events.
After each step change in iceberg speed in the mélange, the icebergs slow and presumably match the glacier flow speed again. Flow speeds before and after an event vary in magnitude (Figure 2 ). Stepwise changes in the mélange differ from observed step changes on HG, which similarly increase in speed rapidly but then decay slowly back to a longer-term average magnitude over days to weeks [Nettles et al., 2008] . Our observations are consistent with the iceberg calving/capsize hypothesis. Strong along-fjord wind events are unlikely to be responsible because they occur much more frequently than the observed step changes in mélange speed.
There was a negative velocity gradient (À0.13 m d À1 km À1 ), in which the mélange moved faster near the terminus over the first 120 days (Figure 2 ). This implies that the mélange undergoes compression along its length. The compressive strain region extends over much of the mélange, until icebergs start to show fjord-like variability in the last 1 km near the mélange-fjord boundary (see Movies S1 and S2 in the supporting information). We cannot estimate across mélange gradients to test whether the speed decreases to zero near the side margins, which would provide resistive stress to the mélange. After the calving event that occurred~122 days after deployment (Figure 2 ), one iceberg exited the mélange, while the speeds of the remaining icebergs decreased to comparable values. For~2-3 days after this event, the remaining icebergs in the mélange slowed to~0 m d À1 , similar to the behavior observed at Jakobshavn Isbroe [Amundson et al., 2010] .
Fjord Circulation
Once the icebergs exit the mélange region, we observe velocity variability on tidal and synoptic timescales. To test if icebergs are moving with the water column to first order, we compare depth-averaged along-fjord velocities from the ADCP with iceberg-derived velocities. We limit these comparisons to periods when icebergs were within 20 km of the ADCP and calculate a linear correlation coefficient (R) for successive depth averages. All of the icebergs were significantly correlated to depth-averaged ADCP flow, with maximum R values all occurring at zero time lags but different depths (Table 1) . In general, iceberg velocities were always slower than water velocities (Figure 3a) . This speed reduction is most likely due to the combined effects of water velocity shear, the missing upper 50 m of ADCP data, and the possibility that an iceberg extends beyond the deepest ADCP data. Air drag is a second-order effect. When iceberg velocities approached zero, we assume that the iceberg was grounded, since fast ice does not form consistently in SF.
Tidal velocities estimated from the iceberg motion were~0.02 m s À1 , in line with mooring time series . The subtidal velocities were much faster, with magnitudes of 0.3-0.4 m s
À1
( Figure 3a ) on periods of 3-5 days, resulting in iceberg excursions of 5-20 km in the along-fjord direction. These speeds are consistent with the intermediary circulation mechanism observed from the ADCP [Jackson et al., 2014] and summertime velocity profiles [Sutherland and Straneo, 2012] .
To examine the response of icebergs to along-fjord and along-shelf wind forcing, we construct composites of along-shelf winds with peaks >20 m s
, along-fjord winds >10 m s
, and the corresponding along-fjord velocities of iceberg trackers during these wind events (Figure 3) . The chosen values of wind speed thresholds are consistent with previous studies [Harden et al., 2011; Oltmanns et al., 2014] .
Composites of the iceberg response to along-shelf wind events match the timescales observed by the ADCP (Figure 3 ). For the along-shelf winds, the peak in-fjord flow of the upper 200 m occurs 24-30 h after the peak wind with a magnitude~0.1 m s
, while the peak out-fjord flow occurs 68-72 h after the peak wind. For along-fjord winds, the icebergs start accelerating~12 h before the peak wind, with the largest out-fjord response at zero lag with the wind at a magnitude of~0.05 m s
. This is similar to the observed water velocity, though the water moves at faster speeds (0.2-0.3 m s
) and the maximum out-fjord velocity appears to be lagged to the wind by~12 h. The faster iceberg response is likely due to air drag on the iceberg surface pushing the iceberg out fjord. 
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The iceberg drifters reveal novel spatial variability in the flow (Figure 4) . Averaging all the iceberg-derived velocities into 2 km × 2 km bins results in a flow field that is representative of (1) the months August to February, when the majority of icebergs were in the fjord region and (2) the upper part of the water column that is the mean of all the depth-averaged flow sampled by the icebergs, i.e., this upper layer is not purely the PW layer. We find that along-fjord speeds are much faster than across-fjord speeds over the entire fjord. Along-fjord speeds increase in magnitude with decreasing latitude. Speeds in the upper basin (north of 66.05°N) are slower with correspondingly smaller standard deviations (Figure 4b) , and the iceberg tracks reveal recirculation there (see Movies S1 and S2). Iceberg drift speeds accelerate through the narrow constriction at 66.05°N on the west side of the fjord. On the eastern side of the fjord, flow toward the glacier is more common and icebergs were observed to get stuck on the submarine ridge near 66.05°N. High speeds near the mouth suggest that the EGCC might turn into SF before continuing southwest along the shelf. No icebergs were observed to exit SF to the southeast.
North of the constriction at 66.05°N, we suggest that the recirculation is not necessarily coupled to the intermediary circulation. Standard deviations of the along-fjord speed peak in the middle of SF (Figure 4b ), supporting the notion that the intermediary circulation diminishes toward the glacier [Stigebrandt, 2012; Jackson et al., 2014] . Flow out fjord was preferentially stronger on the western side of SF (Figure 4a) , and the largest magnitude inflow/outflow were confined to south of 66.05°N. Figure 4c shows a schematic interpretation of the iceberg-derived velocities for SF from both years, indicating the overall out-fjord flow with regions noted that have high variability or recirculation.
Shelf Flow
After the icebergs exit the fjord, they are carried parallel to the shelf by the EGCC at speeds of up to 1.0 m s À1 (Figure 2b ), consistent with ship-based observations of the EGCC core [Sutherland and Pickart, 2008; Bacon et al., 2014] . Iceberg records on the shelf spanned from mid-August to mid-April, with one unit continuing to transmit for over 300 days. Once on the shelf, however, immobilization became more common, presumably due to the shallower depths leading to iceberg grounding. The frequent immobilization on the shelf lead to a skewed speed distribution (Figure 2b ). Along-shelf speeds All five of the 2012 icebergs eventually stopped transmitting sometime between November 2012 and April 2013 in a region~150 km southwest of SF (Figure 1) , inshore of the shelf break where the icebergs became grounded. However, all of the icebergs were able to flow through the channel southwest of the SF mouth without becoming stuck, suggesting that this channel may extend farther to the southwest than known. One iceberg was an anomaly (UO#11), moving >500 km down the coast in 11 days. Iceberg tracks such as these provide a wintertime complement to previous ocean surface drifter deployments on the shelf [Jakobsen et al., 2003] . The new observations are consistent with the observed spatial structure of the EGCC, as well as the locations of regions exceeding 1 m s À1 [Bacon et al., 2014] .
Conclusions
The icebergs tracked in Sermilik Fjord show the utility of using natural drifters to examine motion in the distinct regions of a Greenland glacial fjord, from the ice mélange through the fjord to the shelf. The mélange was observed to move at speeds consistent with near-terminus glacier flow and captured episodic calving events, and the response of the mélange to these glacier changes. In the fjord, the iceberg-derived velocities revealed regions of high spatial variability and significant across-fjord velocity gradients. We observed strong temporal variability due to along-shelf and along-fjord winds, with along-shelf winds producing flows consistent with previous observations of intermediary circulation. However, we find peak variance inside the fjord away from the mouth, suggesting that the coastal circulation may impinge into the fjord farther than previously reported. Monitoring the fjord circulation may be more appropriate in locations where the flow is relatively two-dimensional, such as the narrow constriction at 66.05°N where in/out-fjord velocities dominate. We note that the mean flow was out fjord in all cases and stronger on the western side, suggesting the upper layer moves primarily outward along with a rotationally influenced, slow buoyancy-driven circulation even when averaging over wintertime periods. Once outside the fjord, the icebergs speed up, drifting in the strong coastal current on the shelf.
These data are the first step toward quantifying the effects of icebergs on the freshwater transport and stratification within Sermilik Fjord. Additional data needed are iceberg distributions and melt rate estimates, which then should yield a volume of freshwater input by icebergs. Given the significant difference in iceberg residence times between the 2 years studied here, we expect the input of freshwater due to iceberg melt to also vary interannually.
